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4.Skeleton enhancement employing pruning and smoothing

5.Visualization by reconstructing a 3D model

The reconstructed vascular 3D model is an assembly of truncated
cones, each representing a section between two skeleton voxels. The
top and bottom parts of those truncated cones are built using a dis-
crete, circular approximation. For each skeleton voxel, the circular
approximation is rotated to lie in a plane defined by the bisector of
vectors to the preceding and succeeding skeleton voxel and is scaled
according to the radius at the concerning skeleton voxel. Surface
polygons are generated by connecting corresponding points of suc-
ceeding circular approximations. Hence, all truncated cones repre-
senting one edge consist of the same number of faces. The exact num-
ber depends on the average diameter of the segment and on a user-
defined quality parameter. At the root node and the leaf nodes, a
hemispherical geometry, called leaf cap, is generated by using a
cosine function. At branchings, intermediate nodes are generated by
connecting corresponding points of the stubs of each child edge to
points of its parent edge.

3.2 Generation of Texture-Coordinates

Mapping a texture to a polygonal model requires parameterizing the
surface by assigning texture coordinates to each vertex of the model.
The generation of texture coordinates is trivial for non-complex mod-
els by using standard texture mapping approaches. For complex vas-
cular structures, those techniques are not suitable to achieve appropri-
ate results, since a distortion of the texture mapped images cannot be
handled.

We developed a two-part texture mapping technique [2] for vascu-
lar structures that uses cylinders as intermediate geometric primitives.
Utilizing topological information available from the graph analysis,
we apply a separate texture mapping for each element of the graph
(nodes and segments). This allows for an easy adoption of the texture
mapping technique on the underlying geometric primitives (assembly
of truncated cones). To prevent visible seams between successive tex-
tured primitives, the graph is traversed hierarchically, starting at the
root node. Consequently, the texture coordinates of a segment are
based on the texture coordinates of the preceding element.

While the two-part cylinder mapping is applied to tubular struc-
tures (like the geometry of the segments and the intermediate nodes),
a sphere mapping is used to produce texture coordinates for hemi-
spherical elements, e.g. the leaf caps. If the curvature along the skele-
ton line is greater than a given threshold, a recursive subdivision is
applied on the affected elements in order to minimize texture distor-
tions.

4 ENHANCING SPATIAL  PERCEPTION

4.1 Communicating Shape Using Hatching Strokes

Lighting and shading are crucial sources of information about the
shape and topology of three-dimensional objects [21]. Based on tradi-
tional illustration techniques such as stippling and hatching, a variety
of methods have been proposed to simulate these effects in non-pho-
torealistic renderings. While stippling is commonly used in archeo-
logical illustrations, hatching seems more appropriate for illustrations
in medicine. Hatching strokes may approximate natural light interac-
tion and emphasize characteristic features of the surface, such as cur-
vature and discontinuities. However, none of the drawing algorithms
has been designed for the specific demands of vascular illustration
and reliable perception of depth distances.

Since we represent the vascular branches by a more or less smooth
surface assembled of truncated cones, discontinuities appear almost
exclusively at branchings. Larger discontinuities within a branch,
such as aneurysms, however, are also accentuated by the hatching
algorithm proposed below. Changes in the direction of vascular seg-
ments are clearly visible and require no special emphasis if the tan-
gent vector of the centerline is nearly perpendicular to the line of
sight. In these cases, the silhouette indicates the curvature sufficiently.
Things become different, however, in direction of the line of sight.
Changes in the direction toward or against the observer must be
accentuated to be perceived (see Figure 4).

The new image-based hatching algorithm uses depth differences com-
puted from discretized depth values of two renditions different in size
to determine not only a location where strokes should be drawn but to
produce the silhouette and strokes themselves. To obtain the first
depth image, the unchanged vascular model is rendered with a frag-
ment (pixel) shader that limits the total number of different depth val-
ues (N). Thus, the fragments• values are clustered generating a depth
image, in which distance-dependent, discontinuous steps replace oth-
erwise continuous gradients.

(1)

A second rendition of the model uses a vertex shader in addition to
the fragment shader to relocate all vertices in direction of their normal
vector by a small, fixed value (T) thus slightly enlarging the model.
The depth buffer of the first rendition is read by the fragment shader
to compute the unsigned difference of the current fragment•s dis-
cretized depth value to the also discretized depth value of the first ren-
dition. The computed value is stored in a special depth-difference
buffer. Also, the unchanged depth value is stored in the regular depth
buffer for later use. Figure 5 depicts the resulting image stored in the
depth-difference buffer using a simple cylinder.

The image created by the algorithm described above already produces
a silhouette and strokes that enhance the depth perception of the sur-
face. Strokes are only drawn at surface locations almost perpendicular

Fig. 4. This book illustration has inspired our work. The curvature of the 
vessels is indicated only at a few necessary locations.

Fig. 5. Contrast enhanced depth difference image: The orientation of 
the cylinder changes from left to right toward the user, demonstrating 
the disappearance of strokes that indicate depth along the cylindrical 
surface. N=256
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Obviously, the number of different shadow sizes is limited due to the
dependency of the shadow mask creation process on an additional
render pass. This, however, does not limit the practical application of
this visualization technique for surgery. First, only a few critical vas-
cular structures are affected by a surgical intervention. Thus, the visu-
alization can and should focus on illustrating depth important to judge
spatial relations of these vessels. Second, the discrete nature of the
visualization with distance-encoded shadows does in fact facilitate
the comparison of depth distances: Shadows of the same length indi-
cate structures with approximately the same depth distance.

4.3 Encoding Observer-Relative Depth Distances

While distance-encoded shadows indicate depth between vascular
segments at intersections, the distance to unoccluded vessels is diffi-
cult to judge. The observer is required to track the vascular structures
along and to mentally build a 3D model from shading (hatching)
information. To facilitate depth perception of those vascular seg-
ments, we developed a technique termed distance-encoded surface,
which encodes observer-relative depth distances using hatching
strokes. This technique takes advantage of depth perceived from a
texture gradient. Stroke attributes are adapted using the procedural
stroke texture introduced in Section 4.1.

We encode distance information by varying the width of the
strokes (Figure 11). In order to calculate the required distance infor-
mation, we construct a plane perpendicular to the line of sight that is
located at the intersection of the vascular model’s bounding sphere
with the line of sight. During the rendering process, the Euclidian dis-

tance between each vertex and the plane is calculated in a vertex
shader. Hence, the distance indicated by the stroke texture does not
depend on the absolute distance to the observer but on the relative dis-
tance. We also calculate the angle between the surface normal at the
currently processed vertex and the line of sight and use this value to
prevent distortions caused by the tilt angle of the surface. Figure 11
uses a linear mapping of distance to affect the stroke width by chang-
ing the -function illustrated in Figure 6. To enhance the expressive-
ness of the depth cue, again a non-linear (e.g. exponential) function
may be employed.

4.4 Distances Between Vascular Structures and a Lesion

Knowledge about the distance between major vascular branches and a
lesion is important for therapy planning: Surgeons try to avoid dam-
aging vascular structures above a certain diameter. The texture-based
approaches outlined so far do not require color to communicate shape
and topology, but are well suited to be combined with color. Hence,
color may be used as an additional visual attribute to facilitate distinct
multi-parameter visualizations (see Figure 1).

We developed discrete and continuous distance visualization tech-
niques illustrated by the sketches in Figure 12. To achieve a discrete
distance view, we map textures, which are easily distinguishable (pos-
sibly preattentively), on the vessel surface in dependence of a discrete
distance function. Physicians are used to obtain distance information
between vessels and lesions in discrete steps (e.g. a computed safety
margin around a tumor of 1cm, 1.5cm, and 2cm). This allows clear
decisions without ambiguities. As an alternative approach, a continu-
ous distance function is used to modify the size of glyphs, as exempli-
fied in Figure 12.

5 IMPLEMENTATION

We implemented the previously discussed illustration techniques on
top of the Open Inventor graphics library by writing nodes encapsu-
lating OpenGL 2.0 vertex and fragment shaders and the OpenGL
framebuffer object extension. An Open Inventor scene graph has been
constructed using the research prototyping platform MeVisLab [16].
All vertex and fragment shaders have been realized using the OpenGL
shading language utilizing multiple render targets to reduce the num-
ber of render passes, e.g. writing unchanged and discretized depth
values in a fragment shader simultaneously.

Employing a NVidia 7800 GTX graphics accelerator, the illustra-
tion shown in Figure 14 (600 600 pixels, 67k triangles) can be ren-
dered at 14 fps. Figure 15 (600 600 pixels, 230k triangles) renders at
8 fps. Currently, the number of polygons used to represent the vascu-
lar model is the main performance bottleneck. However, both vascular
structures are highly detailed reconstructions that show more details
than are typically imaged in CT or MRI of patients.

Fig. 10. Indicating depth distances at intersections in a real vascular 
structure using distance-encoded shadows: The size of the drawn 
shadow at an intersection corresponds directly to the depth distance 
between the two overlapping vascular segments.

Fig. 11. Encoding the distance of vascular structures to the observer by 
varying the stroke-width of a procedural stroke texture. Thicker black 
strokes indicate a shorter distance to the observer.

Fig. 12. Sketch illustrating discrete (left) and continuous (right) distance 
visualization using a procedural circle texture.

881








